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Cajal bodies ͉ coiled bodies ͉ cell cycle C ajal bodies (CBs) are multifunctional nuclear organelles present in a wide variety of animal and plant cell nuclei (reviewed in refs.1 and 2). CBs contain high concentrations of small ribonucleoproteins and are thought to play roles in their assembly and maturation (reviewed in ref. 3) . In particular, the U7 small nuclear ribonucleoproteins and other factors involved in histone precursor mRNA processing are known to accumulate within CBs (1, 4) . Notably, CBs also associate with the major histone gene clusters in a variety of organisms, including mammals, amphibians, and dipterans (5, 6) . In addition to participating in various RNA-processing activities, CBs have also been implicated in transcriptional regulation of the cell-cycledependent histone genes. Phosphorylation of a CB component p220͞nuclear protein, ataxia-telangiectasia (NPAT) by cyclin E͞Cdk2 is required for activation of histone transcription, exit from G 1 , and progression through S phase (7) (8) (9) (10) (11) (12) . Taken together, these observations suggest that CBs are intimately involved in histone gene expression.
In this study, we identify FADD-like IL-1␤-converting enzyme (FLICE) associated huge protein (FLASH) (13) as a component of the histone gene expression machinery. Although FLASH was originally identified as a component of the apoptotic signaling complex known as the death-inducing signaling complex (DISC) that is assembled in response to Fas ligand binding (13, 14) , we have recently shown that FLASH is an essential component of CBs and is required for maintenance of their structure (15) . We show that FLASH colocalizes with the histone transcriptional activator, NPAT, in CBs and is required for efficient expression of histone genes.
Results

FLASH Down-Regulation Results in S-Phase Block.
One of the hallmarks of proteins that are involved in expression of the cell-cycle-dependent histone genes is that perturbation of their function results in an accumulation of cells in S phase. Accordingly, we found that treatment of cells with short hairpin RNAs (shRNAs) targeting FLASH (shFLASH) resulted in a dramatic block of cells within S-phase of the cell cycle (Fig. 1a) . Such a block was observed in all cell lines tested (HEK293, HeLa, MCF-7, SAOS2, 3T3 and MEFs) reaching up to 70% after 72 h (see Fig. 5 , which is published as supporting information on the PNAS web site). These findings were confirmed through use of a colony-forming assay, revealing that down-regulation of FLASH resulted in a remarkable reduction in growth of the shFLASH-treated cells (Fig. 1b) . Western blot in Fig. 1c confirms FLASH protein levels downregulation after shRNA treatment.
Another hallmark of genes involved in histone gene expression is that their protein levels are up-regulated during S phase. Endogenous FLASH expression showed a clear cell-cycledependence, peaking during S-phase, when cells were synchronized by thymidine block and deoxycytidine release (Fig. 1d) . Consistent with these observations, we found that the number of FLASH-positive bodies was correlated with the cell cycle. Primary (IMR90) cells were used for this analysis, as they are diploid. As shown in Fig. 1e , the number of FLASH bodies in BrdU-positive (S-phase cells) was typically four, whereas in BrdU-negative cells, the number was typically two. FLASH foci in primary cells such as IMR90 were typically of two distinct sizes. Strikingly similar findings were reported for NPAT, wherein the larger foci corresponded to the large cluster of histone genes on human chromosome 6p21 and the smaller signals corresponded to the small cluster located at 1q21 (7) . We found that NPAT and FLASH foci were 100% concordant in every cell line tested ( Fig. 2a and Fig. 6 , which is published as supporting information on the PNAS web site), suggesting that FLASH localizes to the histone gene clusters. To test this idea more stringently, we performed chromatin immunoprecipitation (ChIP). By using primers specific for four different histone gene promoters, we showed that HA-tagged FLASH, but not HA-p21 (negative control) coprecipitated with histone gene chromatin (Fig. 2b) . Furthermore, we found that overexpression of FLASH up-regulated the activity of a histone H4 promoter in a luciferase assay (Fig. 2c) , suggesting a direct role of FLASH in histone gene transcriptional regulation. Although we were unable to immunoprecipitate sufficient quantities of endogenous FLASH with the available antibodies, transient transfection of GFP-tagged FLASH, followed by coimmunoprecipitation analysis revealed that FLASH and NPAT interact in vivo (Fig. 2d ). These findings demonstrate that, like NPAT, FLASH is localized to histone gene promoters.
FLASH Is Required for Efficient Histone Gene Expression. CB components such as NPAT and CDK2͞cyclin E have been shown to play a major role in S phase regulation and histone precursor mRNA transcription (7, 8, 12) . Disruption of their function results either in an S phase block or a complete failure to enter S from G 1 (8, 10, 11) . We therefore investigated whether the S phase block we observed after FLASH down-regulation (Fig.  1a) , was accompanied by changes in histone mRNA levels. Fig.  3 shows that depletion of FLASH resulted in a pronounced reduction of both histone mRNA (as measured by RT-PCR for four distinct histone messages; Fig. 3 a and b) and protein (as measured by Western blotting for histone H4; Fig. 3c ) levels. Moreover, this reduction was paralleled by an S phase block (Fig. 3c) . To verify whether FLASH down-regulation affected also general transcription, we measured BrU incorporation before and after FLASH down regulation by shRNA. As shown in Fig. 7 , which is published as supporting information on the PNAS web site, FLASH down-regulation does not affect general transcription. As shown in Fig. 3d , down-regulation of FLASH resulted in redistribution of NPAT to a diffuse nuclear staining instead of the normal focal pattern. This phenomenon seems to be an early event after FLASH down-regulation, because Ϸ98% of the cells showed NPAT delocalization 24 h posttransfection. Complete delocalization was observed in all cells within 36 h. The FLASH interaction with NPAT is coilin independent, because downregulation of coilin by shRNA in human cells did not affect colocalization of these two proteins (Fig. 3 e and f ) ; FLASH and NPAT also colocalized in coilin knockout mouse cells (Fig. 3g) . 48 h after FLASH shRNA transfection, NPAT levels remained comparable with controls, although at longer time points the protein began to be degraded (Fig. 4a) . Again, coilin depletion had no effect on NPAT protein levels (Fig. 4a) . Similarly down-regulation of FLASH resulted in reduction of coilin protein levels (already visible 48 h after transfection; data not shown). Although more detailed studies are required to investigate the degradation pathways of these proteins, our data suggest that after delocalization from CBs, coilin and NPAT are targeted for degradation. Taken together, our findings demonstrate that, like NPAT, FLASH plays an important role in the expression of the cell-cycle-dependent histone genes. Moreover, this function of CBs seems to be coilin-independent because coilin down-regulation by shRNA has very little effect and at much longer time points on histone transcription and on cellcycle regulation (Fig. 4 b and c) .
Discussion
FLASH was originally identified as a protein involved in one of the main apoptotic signaling pathways, as part of the multiprotein complex known as the death-inducing signaling complex (DISC) (13) . Such a role for FLASH has been seriously questioned (16) and the biological function of the protein has remained elusive for several years. Here we identify a physiological role for FLASH in histone gene expression. Our data clearly show that FLASH colocalizes with NPAT to the major histone gene clusters. FLASH forms a complex with NPAT and is recruited to histone gene promoters. FLASH expression peaks during S phase of the cell cycle and down-regulation of the protein by shRNA results in the inability of cells to progress through S phase. Like NPAT, FLASH is required for Cajal body homeostasis, and down-regulation of FLASH results in reduced expression of histone precursor mRNA and protein. We conclude that FLASH is an important component of the machinery required for expression of the cell-cycledependent histone genes. As detailed earlier, FLASH and NPAT share a number of common features: both proteins localize to histone gene clusters, are important for proper S-phase expression of histone genes, and are required for maintenance of Cajal body structure. Despite these similarities, a number of differences are also apparent. FLASH and NPAT do not share significant regions of sequence similarity. On transcription or translation block, FLASH is rapidly degraded, whereas NPAT persists for longer (see ref. 15 ). Most importantly, depletion of NPAT results in a failure to enter S-phase (9), whereas down-regulation of FLASH blocks progression through S-phase (Figs. 1a and 5 ). Thus NPAT seems to be required for the CDK2͞cyclin E-mediated transition from G 1 to S, resulting in accumulation of cells in G 1 . This consideration suggests that, although the two genes are each involved in the regulation of histone gene transcription, NPAT plays a role in regulating S-phase entry that is independent of FLASH.
Precisely how Cajal bodies are involved in FLASH and NPAT function is unclear. Previous work on NPAT suggested that phosphorylation of NPAT by CB-bound CDK2͞cyclin E (7) (8) (9) (10) 12) leads to the assembly of histone gene transcription complexes. Because the U7 small nuclear ribonucleoproteins accumulates in CBs and is required for processing of the cell-cycleregulated histone precursor mRNAs, the prevailing view holds that components involved in histone gene expression are preassembled in CBs and then translocated to the adjacent sites of histone gene transcription. Our data are consistent with this hypothesis. Future work will be required to determine whether FLASH is involved in the other CB functions, such as the maturation of small ribonucleoproteins. In conclusion, we have established that FLASH is essential for the normal homeostasis of CBs and have demonstrated an important functional role for this protein in histone transcription and cell-cycle progression.
Materials and Methods
Cell Cultures and Transfections. Human primary dermal fibroblasts, H1299, SAOS-2, and IMR90 cells were grown in RPMI medium 1640 (Invitrogen, Carlsbad, CA), HeLa and MCF-7 cell lines and MEFs were grown in DMEM (Invitrogen) at 37°C in a humidified atmosphere of 5% (vol͞vol) CO 2 in air. All of the media were supplemented with 10% (vol͞vol) FBS (Invitrogen). Transient transfections were performed with the Calcium Phosphate Transfection kit (Invitrogen) according to the manufacturer's protocol, except for MEFs and MCF-7, which were transfected with FUGENE 6 (Roche, Basel, Switzerland) according to the manufacturer's protocol, and H1299, which were transfected with lipofectamine 2000 (Invitrogen).
Cell-cycle synchronization with thymidine block and deoxycytidine release or nocodazole block was performed as described in ref. 17 for the indicated time.
Plasmids. FLASH cDNA was amplified by RT-PCR. Forward primer, 5Ј-atggcagcagatgat-3Ј; reverse primer, 5Ј-cagttttacgtctatt-3Ј (GenBank no. 16306505) from Normal Epidermal Human Keratinocytes (NEHK) (American Type Culture Collection, Manassas, VA) RNA, and then cloned in-frame with the HA tag into pcDNA by using the NheI and XhoI unique restriction sites. The insert was then subcloned in-frame with an amino-terminal GFP tag in pEGFP-C3 vector (BD Clontech, Mountain View, CA).
The pSUPER-FLASH-1, pSUPER-FLASH-2, pSUPERCoilin, and pSUPER-scrambled vectors were generated by insertion in pSUPER vector (OligoEngine, Seattle, WA) of oligos targeting the following sequences: FLASH-1, 5Ј-gattgtctgagtttccaca-3Ј (this sequence is 100% identical both in human and mouse FLASH); FLASH-2, 5Ј-aagggagaagtccttgataat-3Ј; Coilin 5Ј-agttgctgagaattctg-3Ј; scrambled, 5Ј-aattctccgaacgtgtcacgt-3Ј. pGFP-spectrin was kindly provided by R. F. Kalejta (Institute for Molecular Virology, University of Wisconsin, Madison, WI) (18) . 
